Introduction
Free radicals are defined as highly reactive chemicals exhibiting unpaired electrons such as reactive oxygen species (ROS) [1] . Accumulation of ROS in cells damages nucleic and amino acids, membrane lipids and can initiate self-propagating oxidative chain reactions [2] [3] [4] [5] . Developing methods able to correlate oxidative stress with bacterial response and survival would help to gain insight into the development of new antibacterial strategies. Unfortunately, the propensity of ROS to acquire electrons renders them highly reactive, short lived, and therefore very difficult to detect [6, 7] .
The use of ROS sensitive probes, that can be detected using several analytical methods such as spectrofluorometry, fluorescence microscopy or flow cytometry, offer high sensitivity and experimental convenience [8] [9] [10] . The ROS reporters hydroxy-phenyl-fluorescein and "singlet oxygen sensor green" have been previously employed to detect hydroxyl radicals and singlet oxygen in a cell-free model [11] . Dichlorofluoresceindiacetate and flow cytometry (FCM) were used by Subramanian et al. [12] to evaluate whether resveratrol, a redox active phytoalexin, can induce oxidative stress in E. coli [12] . However, the combined use of a ROS reporter with a "viability" marker to simultaneously assess oxidative stress and viability has never been investigated in bacteria.
The CellROX® Deep Red flow cytometry assay kit (Life technologies), recently developed to assess the effects of oxidative stress in mammalian cells, comprises two dyes, namely: the CellROX® Deep Red, a ROS reporter, and the SYTOX® Blue, a "viability" dye. CellROX® Deep Red is cell permeable, cytoplasmic and does not fluoresce in a reduced state, while it becomes fluorescent upon oxidation. The second dye, SYTOX® Blue, is a cyanine nucleic acid stain which only diffuses into membrane-damaged cells. Only one epifluorescence microscopy study has used the CellROX® Deep Red to visualize oxidative stress in ionophore-treated Bacillus subtilis, whereas SYTOX® Blue has been previously used to assess bacterial membrane integrity by flow cytometry [13] [14] [15] .
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However, flow cytometry (FCM) has never been applied to correlate oxidative stress and viability in bacteria using the combination of these two dyes. The aim of this study was to assess the ability of the CellROX® Deep Red dye to detect oxidative stress in bacteria and to monitor membrane integrity using SYTOX® Blue. Specifically, FCM was used to assess the effect of various concentrations of hydrogen peroxide on Enterococcus faecalis and Fusobacterium nucleatum. The capacity of the combination of CellROX® Deep Red and SYTOX® Blue to distinguish non-oxidized (CellROX® Deep Red negative cells) from oxidized (CellROX® Deep Red positive cells) and membrane-damaged bacteria (SYTOX® Blue positive cells) was further investigated.
Material and Methods

Bacteria
A Gram-positive bacterium, Enterococcus faecalis (E. faecalis 135737, culture collection of the University Hospitals of Geneva, CH) and a Gram-negative bacterium, Fusobacterium nucleatum (Orale Mikrobiolgie Zurich culture collection -OMZ 598) have been used in this study. E. faecalis and F. nucleatum were cultured from frozen stocks onto Columbia and Schaedler agar plates respectively. Bacteria from agar cultures were transferred in liquid media and incubated overnight at 37 °C (stationary phase). Brain heart infusion has been used as liquid media for E. faecalis and Schadler broth for F. nucleatum (all from Oxoid AG, Pratteln, Switzerland). Cultures of F. nucleatum were maintained under anaerobic conditions using packs of carbon dioxide (GasPack Anaerobe Gas Generating Pouch system with indicator, Becton Dickinson). On the day of the experiment bacteria were centrifuged and re-suspended in NaCl 0.9% to spectrophotometrically adjust the bacterial concentration at OD 600nm : 0.2 (OD 600nm 0.2: ~1.2 × 10 7 bacteria, Biowave II, Biochrom WPA, Cambridge, GB).
Viability curve
Hydrogen peroxide 3% w/w (Bichsel AG, Interlaken, Bern, Switzerland) has been used to induce oxidative stress in bacteria. To ensure that oxidative stress was measured on live cells, a H 2 O 2 dose-response was determined for both strains using the LIVE/DEAD BacLight Bacterial Viability kit (Life technologies, Switzerland) and the Accuri C6 flow cytometer as previously described (BD Accuri Cytometers, Ann Arbor, USA) [16, 17] . Briefly, 100μL of bacterial suspension have been mixed with 100μL of hydrogen peroxide at different concentrations (from 0 to 980mM in samples) and incubated at 37 °C for 15min before staining with the LIVE/DEAD solution. A sublethal range of H 2 O 2 was defined as concentrations causing less than 10% cell death.
Defining a labeling concentration of CellROX® Deep Red for bacteria
To define an optimal labeling concentration of CellROX® Deep Red (Life technologies, Switzerland) for E. faecalis and F. nucleatum, bacteria have been exposed to maximal sublethal H 2 O 2 concentrations (as defined by the viability curve), during 15min at 37 °C. Cultures were then incubated with various concentrations of CellROX® Deep Red (0μM, 0.5μM, 1μM, 2μM, 4μM and 8μM) during 30min. After incubation, bacteria were sonicated 20sec to disperse aggregates (35kHz, Sonoroex, Bandelin electronics, Berlin, DE) and fixed with 3.7% formaldehyde (VWR International AG, Dietikon, Switzerland). Fixation has been performed for biosafety reasons.
Testing increasing H 2 O 2 concentrations
To verify that the CellROX® Deep Red fluorescence increased accordingly with oxidative stress, bacterial samples were exposed to different concentrations of H 2 O 2 (from 0mM to 160mM in samples) for 15min at 37 °C. The 
Flow cytometric analysis
Samples have been analyzed using a Gallios flow cytometer (Beckman Coulter, California, USA). Prior to analysis, unlabeled bacteria were run to optimize voltage settings (trigger on the FSC, voltage 650 on the FL-6 channel, 500 on the FL-9), and flow rate was set on low. Bacterial events were discriminated from debris using forward (FSC-A) and side scatter (SSC-A). Doublets have been excluded for analysis by FSC-height and width. 
Statistical analysis
All experiments were performed in triplicate and repeated 3 times. Results were statistically analyzed using one-way analysis of variance (ANOVA) and Tukey multiple comparison intervals (α = 0.05).
Results
Viability curve
Concentrations of H 2 O 2 up to 80mM and 40mM were respectively applied on E. faecalis and F. nucleatum without inducing more than 10% reduction in viability (data not shown). Therefore, these concentrations were defined as the maximum oxidative stress to be applied on E. faecalis and F. nucleatum, and were retained to determine an optimum working concentration of CellROX® Deep Red for measuring oxidative stress.
Defining a labeling concentration of CellROX® Deep Red for bacteria
Control suspensions (0μM CellROX® Deep Red) of E. faecalis and F. nucleatum respectively exposed to 80mM and 40mM H 2 O 2 displayed a natural fluorescence around 300 RFU ( Figure  1A & 1B) . Concentrations of CellROX® Deep Red ranging from 0.5μM to 4μM resulted in increased fluorescence intensities in both bacterial species. At 4μM CellROX® Deep Red, fluorescence intensities reached 2807±945 RFU and 3104±1151 RFU for E. faecalis and F. nucleatum respectively. Further increasing CellROX® Deep Red concentrations to 8μM resulted in decreased fluorescence intensities, for both strains ( Figure 1A & 1B) . Therefore, 4μM has been selected as the optimal concentration of CellROX® Deep Red for measuring oxidative stress in E. faecalis and F. nucleatum. 
Testing increasing H 2 O 2 concentrations
Control cultures (0mM H 2 O 2 ) labeled with 4μM CellROX® Deep Red displayed a fluorescence of 648±90 RFU for E. faecalis and 1138±396 RFU for F. nucleatum ( Figure 1C & 1D) 
Dual labeling with CellROX® Deep Red and SYTOX® Blue
Flow cytometric analysis of non-oxidized controls (0mM 
Discussion
In the current study, we successfully applied both the CellROX® Deep Red and the SYTOX® Blue to a Gram-positive and -negative bacterium to measure oxidative stress and to discriminate non-oxidized from oxidized and damaged cells.
Concentrations of hydrogen peroxide selected to induce oxidative stress were in the millimolar range (40mM-80mM). Previous studies have shown that E. faecalis exposed 15min to H 2 O 2 retains viability up to 15-20mM [18, 19] . The higher concentrations reported in the current study may be attributed to the different methods used for viability measurement. Whereas FCM in combination with the LIVE/DEAD staining has been used in this study to evaluate membrane integrity, previous studies measured viability by culture plating techniques [20] . There is evidence showing that bacteria proliferation capacity is affected at lower concentrations of H 2 O 2 than membrane integrity [21] [22] [23] .
An optimal concentration of CellROX® Deep Red has been determined by testing several concentrations of dye on stressed bacteria. Results indicate that fluorescence increased when increasing concentrations of dye up to 4μM, but tended to decrease at 8μM ( Figure 1A & 1B) . This pattern of signal intensity suggests equilibrium between the dye and oxidants. At concentrations below 4μM, the dye would be saturated by oxidants and additional oxidative stress would not be detected by lack of free dye. Therefore CellROX® Deep Red at 4μM has been selected as the optimal labeling concentration in these bacterial strains. The tendency of fluorescence to decrease at concentrations above 4μM, may be explained by a phenomenon
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of FRET quenching since the excitation/emission spectra of the CellROX® Deep Red overlap (644/665nm) [24] .
Samples labeled with 4μM CellROX® Deep Red and exposed to increasing oxidative stress displayed gradually increasing fluorescence signals with highest intensities at the maximal sublethal H 2 O 2 concentrations. These data confirm that CellROX® Deep Red fluorescence increased accordingly with the oxidative stress applied. Notably, F. nucleatum exhibited higher fluorescence intensities than E. faecalis at all H 2 O 2 concentrations tested ( Figure 1C & 1D) . A possible explanation might be related to a higher uptake capacity of CellROX® Deep Red by F. nucleatum, since the bacterium has a larger cytoplasm; E. faecalis measures about 1μm while F. nucleatum reaches 5-25μm [25, 26] . Also strict anaerobes as F. nucleatum, are more sensitive to oxidative stress probably due to enzymes particularly prone to oxidation, as those containing exposed glycyl radicals and low-potential iron sulfur clusters [27, 28] . Reaction with these targets may lead to further oxidative reactions potentially responsible for higher ROS production and fluorescence signal in F. nucleatum.
The combination of CellROX® Deep Red and SYTOX® Blue showed that control cells (0mM H 2 O 2 ) displayed a double negative signal and were located in quadrant 4 (Figure 2A &  2E) . On the contrary, oxidized controls (40mM and 80mM) displayed an increased CellROX® Deep Red signal, testimony of oxidative stress; these bacteria were located in quadrant 3 ( Figure 2B & 2F) . For both strains an uptake of SYTOX® Blue at H 2 O 2 concentrations above sub lethal values (160mM) was observed, thereby confirming that membrane injury occurred under such elevated oxidative stress ( Figure 2C & 2G) . In E. faecalis, sub-populations characterized by different intracellular concentrations of dyes were observed, possibly indicating intermediate states of membrane injury ( Figure 2C ). Membranedamaged controls (980mM) showed bacteria positive for both CellROX® Deep Red and SYTOX® Blue ( Figure 2D & 2H) . This is not surprising as the membrane-damage of these cells was produced by an excess of oxidative stress. However, E. faecalis cells lost CellROX® Deep Red fluorescence possibly due to a leakage of the dye from the cytoplasm, since membrane injury was shown to occur at such elevated H 2 O 2 concentrations ( Figure 2B-2D) . The presence of an outer membrane in the Gram-negative bacterium, F. nucleatum, may have accounted for a better cytoplasmic retention of the CellROX® Deep Red dye. Gram-positive and -negative bateria have previously been shown to react differently to the same staining protocol [29] .
Conclusion
The results of the current study indicate that the CellROX® Deep Red dye can be used to measure oxidative stress in E. faecalis and F. nucleatum. The combinational use of CellROX® Deep Red and SYTOX® Blue allowed the identification of nonoxidized, oxidized and damaged bacteria. Future studies seem warranted to assess the reactivity of the CellROX® Deep Red dye in presence of other oxidative challenges.
